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Abstract
The demand for hybrid polymer-metal structures is continuously growing due to their great potential in automotive, aerospace and
packaging applications. The expected capabilities are highly diverse and include functional, chemical and mechanical as well as
economical and ecological aspects. A novel laser beam joining process for hybrid polyamide-aluminum structures is reported. The
spatial and temporal heat input is optimized for optimal bonding quality. At the interface it was proven that the polyamide was
not decomposed as a result of excessive thermal stress. It was shown that laser or electro-chemical surface pre-treatment of the
aluminum substrate has a distinctive eﬀect on the shear strength of the joint. However, the bond quality does not correspond to a
change of surface roughness. Therefore, mechanical interlocking in direct relation to surface topology of the pre-treated substrate is
not the principal cause for the bonding phenomenon. Chemical analysis in terms of IR-spectroscopy has shown a physicochemical
interaction based on hydrogen bonds.
© 2014 The Authors. Published by Elsevier B.V.
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH.
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1. Introduction
Polymers, often believed to compete with steel and aluminum, have been established as being complementary
to metals among the most important engineering materials, Klein (2013). Especially in automotive and aerospace
industries both light metals and plastics are being extensively used for lightweight products. The choice largely
depends on the requirements that have to be met, with each material oﬀering speciﬁc qualities that do not correspond
with the other.
During the last years a great potential has been recognized in the development of hybrid structures, Kelly (2004);
Michaeli and Hoﬀmann (2009). The strategy follows the wish to combine speciﬁc material-related properties within
highly integrated and lightweight structural components to take advantage of the speciﬁc functional, chemical, elec-
trical and mechanical as well as economical and ecological aspects of each material. Weight reduction and corrosion
prevention of exposed construction parts are of particular importance, while stability, bonding strength and design
must be guaranteed or even further improved.
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However, the bonding of dissimilar materials remains the technical challenge. Various processes have been de-
veloped, including mechanical, adhesive and thermal joining, Mitschang and Velthuis (2008); Wirth (2011); Balle
et al. (2008). The use of heavy mechanical connecting elements like bolts or rivets are not in line with the general
understanding of light-weight design. In addition, scattered single attachment points do not contribute a uniform load
distribution between the adjoining materials by generating local stress peaks. Adhesive glues often contain environ-
mentally harmful or health-endangering solvents and require curing time before handling of the joined components.
First approaches have been developed during research activities focusing on laser joining of metals and plastics
which can be further distinguished into two categories: mechanical interlocking and physicochemical bonding. The
ﬁrst approach makes use of patterns of grooves with undercuts in sub-mm-scale at the metallic surface, generated by
a focused laser beam, Amend et al. (2013); Roesner et al. (2011); Flock (2011) are being used. Subsequently to the
structuring of the substrate, the thermoplastic polymer is being molten onto the metallic substrate, heated by a second
laser irradiation. After resolidiﬁcation both materials create a mechanical link. The second eﬀort uses a line focused
laser beam to join the overlapping sheets, Jung et al. (2013); Wahba et al. (2011); Farazila et al. (2011); Fortunato
et al. (2010); Katayama and Kawahito (2008). The irradiation heats the metallic surface either directly or through the
transparent plastic material which in turn melts the polymer via heat conduction. In both cases the metal remains solid.
A SEM/TEM analysis has proven a tight bond between both materials. Furthermore, the appearance of gas bubbles
inside the molten polymer has been reported which indicates a thermal degradation. Common for all investigations,
the substantial amount of the laser energy is absorbed by the metallic partner.
2. Strategy
The present paper demonstrates the laser joining of polyamide 6,6 and aluminum without the use of adhesives
or previous mechanical surface processing. These materials were chosen based on industry feedback, to address
representative industrial requirements. Although polymers and metals generally have a dissimilar chemical structure,
physicochemical bonding is expected to take place on molecular or atomic level, respectively, based on the enhanced
reactivity of the metal boundary layer with the molecular species present in the polymer, Nikolova (2005).
Fig. 1. Hydrogen bond.
Fig. 1 shows a hypothetical bond between a polyamide molecule and the ionic aluminum-oxide structure. The
local displacement of electrons caused by covalent bonds between non-metallic elements of diﬀerent electron aﬃnity
(C, O, N and H) creates unevenly charged segments within the polyamide molecule which is characteristic for this
polymer, Brockmann (1987); Briehl (2008); Domininghaus et al. (2012). The resulting dipole momentum enables
the polymer chains to interact with their immediate environment by forming secondary bonds at these distinct anchor
points. However the strength of these bonds strongly depends on their length and angle. In molten state, the polymer
chains are able to change their conformation and orientation towards the metal surface to support the formation of
hydrogen bonds as one possible form of interaction.
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For veriﬁcation of the bonding quality specimen were prepared for tensile shear tests and the maximum load was
evaluated. Furthermore, infrared spectroscopy (FTIR) analysis was performed to prove physicochemical interactions
at the fusion zone between both materials.
3. Laser Beam Joining Process
The signiﬁcantly lower melting temperature of the polyamide starting around Tmelt = 255 °C and particularly
its decomposition starting already below temperatures of 400 °C compared to aluminum melting at Tmelt = 660 °C
excludes the application of a conventional welding process. Preparatory experiments have shown that a starting
liberation of gas in the polymer melt must already be expected at a temperature of approximately 330 °C. The upper
limit of the temperature at the interface must be lower than the decomposition temperature of the polyamide. All
this demonstrates the importance of a well deﬁned heat input. To achieve the required precision, a ﬁbre laser is used.
The laser beam is directly irradiated on the aluminum surface to ensure a power density high enough to generate a
stable keyhole welding process, Solchenbach and Plapper (2013). For a better control of the temperature proﬁle, beam
oscillation is superposed to the linear feed direction as described in eq. 1.
(
x(t)
y(t)
)
=
(
a · cos(2π fxt + ϕx) + vt + a0
a · sin(2π fyt + ϕy)
)
(1)
with
a amplitude [mm]
a0 t = 0 [mm]
fx,y oscillation frequency in x and y direction [Hz]
v feed rate [mm s−1]
ϕx,y phase angle in x and y direction [rad]
For the studies described in this report, the phase angles have been set to ϕx = −π and ϕy = 0 while the oscillation
frequencies were chosen to fx = fy = 500 Hz. The resulting trajectory of the laser beam, as shown in ﬁgure 2, a),
creates a spatially modulated power distribution.
a) b)
Fig. 2. Power modulation, a) spatial modulation by superposed beam oscillation on the linear feed; b) pulse width modulation of the laser power.
Additionally, time modulation of the laser beam is used to control the overall heat input. Figure 2, b) shows the
principle of temporal power modulation of the laser beam which was set to a rectangular shape at a frequency of
1/T = 25 kHz. The modulated power can be computed according to equation (2), b).
Pm =
Tmod
T
· Ppeak (2)
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with
Ppeak peak power [J s−1]
Pm modulated power [J s−1]
Tmod modulation time [ms]
1/T modulation frequency [Hz]
t time [s]
4. Experimental Setup
For the experiments, 0.5 mm thick EN-AW1050A aluminum in half-hard state and 1.0 mm thick polyamide PA6.6
samples were used in a aluminum-PA6.6-aluminum stack. The samples had a geometry of 60 mm x 40 mm and 150
mm x 40 mm for aluminum and PA, respectively and were arranged in overlap conﬁguration with an overlap of 25
mm.
The polymer was cleaned with acetone. The aluminum was used in three diﬀerent surface states:
• Set A (As delivered): the aluminum surface was degreased with acetone;
• Set B (Naturally oxidized): the aluminum surface was ablated by means of short pulsed laser ablation and a
naturally oxide layer was formed;
• Set C (Anodized): The aluminum surface was anodized using phosphoric acid.
After laser beam joining over a length of 40 mm, the samples were characterized by optical and electron mi-
croscopy. The formation of temperature in the joining area was measured by means of an infrared thermo-camera.
The experimental setup for the thermographic measurements is shown in Fig. (3).
Fig. 3. Experimental setup for temperature measurements.
Tensile shear tests were conducted in order to analyze the impact of the surface treatment on the mechanical
characteristics. Shear tests were performed within 18 hours, one week and one month ofter the joining operation to
detect possible aging of the interface in ambient conditions. In order to prove the existence of hydrogen bridges, a
Bruker Hyperion 2000 infrared spectroscopic device was used to analyze the samples after mechanical testing.
For the direct joining experiments, a single mode Trumpf TruFiber 400 ﬁbre laser with a near-infrared wavelength
of λ = 1070 nm and a maximum power of P = 400 W was used in combination with a Scanlab HS20 2D f-θ-scanner
head. Thus, a spot diameter of 30 μm can be obtained with the focus on the Al surface.
5. Results and Discussion
In this section, the experimental results are presented and discussed.
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5.1. Surface Treatment
Table (1) gives an overview of the three sets of surface treatment compared regarding their eﬀect on laser join-
ing. After the treatment of the aluminum substrate, the topological surface characteristic of all sets of samples was
quantiﬁed which is represented by the arithmetic average roughness Ra in Table (1). The roughness measurement
was executed in order to detect variations of the surface topology that might eﬀect the maximum shear load due to
unwanted mechanical interlocking.
Table 1. Diﬀerent surface pre-treatments.
Samples Treatment applied Ra
A As delivered 0.468 μm
B Naturally oxidized 1.127 μm
C Anodized 0.142 μm
Comparing the results in Fig. (4) shows that the anodization process has smoothed existing imperfections, whereas
the laser ablating has induced an increase of surface roughness. The latter can be explained by the transfer of the
pulsed laser pattern to the substrate during laser ablation.
Fig. 4. Surface topography.
However, the impact of surface roughness in the micron and sub-micron scale on the mechanical properties of the
hybrid joints can be neglected as the aspect ratio of surface roughness and the wavelength of the surface topology
is smaller than 0.1 and a mechanical interlocking eﬀect is insigniﬁcant. Therefore, purely physicochemical based
bonding phenomena are expected, which will be proved in section 5.4.
5.2. Interface Charactization
With the help of the laser beam oscillation the heat input into the joining area was broadened without generating
a deeper penetration of the laser beam into the thin aluminum sheet (Fig. (5), a)). The resulting melt bath of the
metal approaches a well-deﬁned rectangular shaped cross section. In this way a high amount of heat energy can be
transferred into the aluminum from where it is transported to the interface region via heat conduction as shown in Fig.
850   Christian Lamberti et al. /  Physics Procedia  56 ( 2014 )  845 – 853 
(5), a). The wetting of the polyamide on the substrate was measured at a width of 1.1 mm. A formation of bubbles in
the polymer was not detected.
a) b)
Fig. 5. Cross sectional micrograph; a) optical microscopy, b) SEM microscopy.
SEM analyses showed a tight bond between both dissimilar materials without indications of chemical decompo-
sition, see Fig. (5), b). A fusion zone at the aluminum-polyamide-interface was detected which can be seen as a
dark-grey band between both materials, see marker in Fig. (5), b). However, it is believed that the thickness of this
fusion zone is overrated in the measurement. During the sample preparation process by mechanical polishing traces
of PA might be wiped over the aluminum in the fusion zone which then seem thicker than it is.
Fig. (6) shows the evolution of the temperature at the interface during laser beam joining over time. A peak tem-
perature of 345 °C was measured which means that the melting temperature of the polyamide material was exceeded
for 50 ms. Decomposition temperature was not reached. As the measurement was performed with aluminum only
the resulting peak temperature during the joining process is expected to be lowered with an attached polymer layer in
overlap conﬁguration. As the formation of gas bubbles was not detected, see Fig. (5), b), the eﬀective temperature
during joining was below 330 °C. However, an thermographic measurement with polymer layer was not possible due
to the low transmittance of the infrared light through the polymer.
Fig. 6. Temperature evolution at the joint interface.
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5.3. Mechanical Characteristics
For optimal process parameters, a maximum shear load of 1600 N was measured on the ablated and naturally
oxidized samples (modulated power = 300 W), see Fig. (7). The samples failed in the polyamide base material next to
the joint area (cohesive failure). With decreasing energy input (modulated power < 300 W), the shear load decreased
strongly and the samples failed at the aluminum-polyamide interface. For higher energy input, the shear strength
was also reduced but, however, with a smaller gradient. Also here, the samples failed at the interface. For the latter
case (modulated power > 300 W), also chemical degradation of the polyamide layer by means of bubble formation
at the interface was detected. The high gas pressure in the bubbles partially separated the PA melt from the substrate
during resolidiﬁcation which reduced the eﬀective contact area. This analysis highlights that the energy input into the
fusion zone is of atmost importance in order to achieve optimal mechanical joint characteristics and to avoid chemical
degradation of the polymer.
Fig. 7. Maximum shear load depending on modulated power.
From Fig. (8) it can be seen that the shear strength of the hybrid metal-polymer joints is strongly dependent
on the pre-treatment of the aluminum surface. The ”as-delivered” condition (A) features lowest strength. Despite
the samples were cleaned with acetone before joining, contamination of the surface with aliphatic hydrocarbons or
other pollutants accumulated during the manufacturing process cannot be excluded. After aging, the strength was
diminished by 31 % after one week and 64 % after one month. Although the substitution of hydrogen bonds at the
interface by deposition of H2O molecules is expected to be the reason for these eﬀects a subsequent FTIR-analysis of
the polymer could not conﬁrm this hypothesis. The root cause for this behavior remains unresolved and will be subject
of future investigations. After laser ablation and the formation of a naturally grown oxide layer (B), the shear strength
increased by a factor of 4. Aging eﬀects after one week and one month, respectively, were not detected. Furthermore,
the standard deviation of the strength is signiﬁcantly lower which indicates a high process and bond stability.
The anodized aluminum samples (C) also showed good shear strength results but, however, with a high standard
deviation which can be explained by the eﬀects of the anodisation layer on the heat transfer behavior of the aluminum
surface, Lee et al. (2013). Also here, aging did not aﬀect the shear strength signiﬁcantly.
5.4. Infrared Spectroscopy
After fracture a FTIR-spectroscopic analysis of the polyamide was performed. The spectra from the joined samples
were compared with a reference spectrum which was taken on the polyamide base material in order to detect a
physicochemical interaction at the aluminum-polyamide fusion zone and to show an eﬀect of the diﬀerent surface
treatments.
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Fig. 8. Shear load for variation of the Al surface treatment.
Fig. (9) shows the spectra of sample set B (ablated and naturally oxidized) after joining. A reduced absorption
at wavenumbers 3300 cm−1, 1633 cm−1 and 1539 cm−1, representing N-H stretch, C=O stretch and N-H bending
+ C-N stretch, was detected, Domininghaus et al. (2012). As a change of molecular constitution can be excluded,
this eﬀect induces that the extra-molecular structures have re-arranged which may be a sign of crystallization germs
at the interface between the adjoining materials. The IR ﬁngerprints of sample set C did not exhibit a signiﬁcant
variation to the sample set B whereas the measurements of sample set A did not vary from the reference spectrum
at all. Higher shear strength was measured for sample sets B and C in comparison to set A which correlates with a
stronger physicochemical interaction, visible by increasing reduction of absorption in the IR spectra.
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Fig. 9. FTIR spectra of the reference material and sample set B after joining.
As the formation of hydrogen bridges cannot be measured directly, the observed phenomena cannot be taken as
evidence for the existence of the assumed interactions between the amide-groups of the polyamide, consisting of
covalent bonds, and the ionic Al2O3 present in the boundary layer of the aluminum substrate. They indicate an
interaction with dependence on the pre-conditioning which is plasticized in the IR-ﬁngerprint of the molten polymer
after resolidiﬁcation and can be assigned to the predicted position at the polyamide molecule, Briehl (2008).
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6. Conclusions
A novel laser beam joining process for hybrid polyamide-aluminum structures was reported. The spatial and
temporal heat input was tailored for optimal bonding quality. At the interface it was proven that the polyamide was
not decomposed as a result of excessive thermal stress. It was shown that mechanical or electro-chemical surface
pre-treatment of the aluminum substrate has a distinctive eﬀect on the shear strength. However, the bond quality did
not correspond with a change of surface roughness. Therefore, mechanical interlocking by means of surface topology
of the pretreated substrate was not the principal cause for the bonding mechanism. Chemical analysis by means of
IR-spectroscopy has shown a physicochemical interaction based on hydrogen bonds.
In future work, the exact physicochemical changes of the polymer at the interface between both materials has to be
studied in detail in order to gain a fundamental understanding of the eﬀects during the laser joining process.
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